Although many SINE families have been identified in the animal kingdom, only a few SINE families have been identified in plants, and their distribution is somewhat limited. The Au SINE (Au) has been found discontinuously in basal angiosperms, monocots, and eudicots. In this study, we examined the presence of the Au in gymnosperms and ferns by PCR using internal primers for Au. As a result, we found Au in a gymnosperm species, Ephedra ciliata. Therefore, Au was supposed to be present in the common ancestor of angiosperms and gymnosperms. The Au in E. ciliate was 15 bp shorter than the consensus sequence, which is similar to the Au SINE found in Glycine. However, the 3'end of the Au found in E. ciliate was more similar to the 3'end of the Medicago-type Au than that of the Glycine-type Au. A phylogenetic tree indicated that the Au sequence from E. ciliate is more closely related to the sequence found in Glycine than that found in Medicago/Lotus. These results indicated that Au were present in both angiosperms and gymnosperms.
INTRODUCTION
SINEs (short interspersed nuclear elements) are repetitive DNA sequences known as nonautonomous retroelements that are propagated via transcription followed by reverse transcription. They are widespread among various eukaryotic genomes (reviewed in Okada, 1991; Deininger and Batzer, 1993) . It was previously reported that they have played a role in the evolutionary history of eukaryotes, despite their potential to damage genomes (Schmid, 1998; Weiner, 2002; Kazazian, 2004) . Many SINE families have been identified in the animal kingdom, and two SINE superfamilies, CORE-SINE and V-SINE, are widespread in vertebrates (Gilbert and Labuda, 1999; Ogiwara et al., 2002) . Recently, a third superfamily, which is considered to have survived for > 600 million years, was found (Nishihara et al., 2006) . This superfamily consists of nine separate families that are found in the genomes of mammals, birds, fishes, and sea urchins.
In plants, only a few families have been identified. In monocots, the first SINE described in plants, p-SINE1, was found in Oryza sativa (Umeda et al., 1991) , and p-SINE2 and p-SINE3, were successively found in the genus Oryza (Xu et al., 2005) . In eudicots, the TS SINE family is widespread in several Solanaceae and Convolvulaceae species (Yoshioka et al., 1993) . Deragon and Zhang (2006) newly classified the SINEs of Brassiceae into 15 families including S1 (Deragon et al., 1994; Lenoir et al., 1997) , RathE1, RathE2, RathE3 (Lenoir et al., 2005) , and BoS (Zhang et al., 2005; Deragon and Zhang, 2006) . As described above, plant SINEs are usually distributed in families, not across orders, and the distributions of most plant SINEs are somewhat limited.
We identified Au SINEs (Au) in Aegilops umbellulata, a close wild relative of wheat (Yasui et al., 2001 ). Au SINEs are 160-180 bp long and display characteristic features of tRNA-derived SINE. They consist of a tRNArelated region including internal RNA polymerase III promoters (boxes A and B), a tRNA-unrelated region, and a T-rich (but not AT-rich) 3' end and are flanked by target site duplications. Au SINEs have been observed in Gramineae and Solanaceae and are widely distributed in monocots and eudicots. Furthermore, Au elements have been found in Fabaceae, Glycine max and Medicago truncatula, and Asimina triloba (Annonaceae), a basal angiosperm. This indicates that the Au SINE family originated before the divergence of monocots and eudicots (Fawcett et al., 2006) . In addition, the Glycine Au element was found to be 16 bp shorter than the Au SINE consensus sequence, and its 3'end differs from those found Edited by Norihiro Okada * Corresponding author. E-mail: e.yagi@ky4.ecs.kyoto-u.ac.jp in the sequences of other species. The Au SINEs found in Fabaceae can be separated into two types: the Medicago-type and the Glycine-type. This discontinuous and broad distribution of Au prompted us to study its distribution and evolutionary history in more detail. We examined 41 plant species belonging to gymnosperms and ferns for the presence of Au by PCR. Here, we report the first plant SINE family found in gymnosperm.
MATERIALS AND METHODS
Genomic DNA was extracted as described by Escaravage et al. (1998) . First, we examined the quality of the DNA samples in each plant species. The DNA samples in Table 1 were amplified by PCR using ribosomal gene primers (ribosomal-F1/ribosomal-R1), which were constructed so that they would be applicable to as many plants as possible, and ribosomal regions were amplified in all DNA samples (data not shown). Next, we examined a broad range of 41 plant species including 21 ferns and 20 gymnosperms for the presence of Au by PCR using two sets of internal primers, FabC2FW2/RV1 and FabC2FW1/AURV1.
To obtain the full-length sequences of the Au elements from the various species in which Au was detected by PCR, we performed inverse PCR. Total genomic DNA (300-1000 ng) was digested with 100 U of MboI and/or MseI, self-ligated with 500 U of T4 ligase (NIPPON GENE), amplified by nested PCR using specific primers (IPCR-Epci-FW1/RV1 and IPCR-Epci-FW2/RV2). The fragments by nested PCR are cloned and sequenced. Primers were then produced based on the sequences of the flanking regions (Fl-Epci-1, 2, 3, 4-FW/RV). When the direct sequencing data were not clear, the sequences were cloned, and five or more clones of each PCR product were sequenced as described above and aligned with the consensus sequence, which are used phylogenetic analysis. Sequences of primers in this paper are shown in Table  2 . The resulting nucleotide sequences were deposited in the DDBJ/EMBL/GenBank databases under the accession numbers given in Table 3 .
The sequences of other species obtained from a database were aligned with the Au SINE sequences.
RESULTS
Forty-one species consisting of 21 ferns and 20 gymnosperms were examined for the presence of Au by PCR, and the results are summarized in Table 1 . We detected Au in Ephedra ciliata (Ephedraceae), a gymnosperm. No Au sequences were detected in ferns. Ephedraceae is classified into the order Gnetales, which differentiated relatively recently in the evolution of gymnosperms. No SINEs have previously been identified in gymnosperms. Therefore, Au SINE represents the first evidence of the presence of SINE in gymnosperms.
The consensus sequence of Au SINE in E. ciliate is shown in Fig. 1 together with previously found consensus sequences from Asimina, Triticum, Zea, Nicotiana, Table 2 . Primers used for PCR amplification
IPCR-Epci-RV2 5´-GACCACCAGGTCACAAGGCAGCAAC-3´71.9
Fl-Epci-1-FW 5´-TGTGCATAGAAATCAACTCTTAGCAC-3´61.0
Fl-Epci-1-RV 5´-TTAAAGTGTTATTTCTTGAGCTTGTGTC-3´60.4
Fl-Epci-2-FW 5´-TTAATAAAATTCACCTCCATCTATCCAC-3´60.9
Fl-Epci-2-RV 5´-TTAATGGAGATGCAAATGTAACATG-3´60.1
Fl-Epci-3-FW 5´-TAAGCTTGCCATCCTAAGTATTTCAG-3´61.2
Fl-Epci-3-RV 5´-TCTATGTCTATTTTATTTGCTGTTTTTCTG-3´60.6
Fl-Epci-4-FW 5´-GGCATGAAGTGTCAAAAGTTAGG-3´60.0
Fl-Epci-4-RV 5´-CACATAGGGAAGGATATTCTCTTATCTTT-3´60.7
Medicago, Lotus, and Glycine. According to previous research, the Au SINE found in Glycine was 16 bp shorter than the consensus sequence, and its 3' end differs from those of the sequences of other species. This type of Au has only been found in Glycine and so is referred to as the 'Glycine-type', whereas the sequences found in other species including Asimina, Triticum, Zea, Nicotiana, Medicago, and Lotus are referred to as the 'Medicagotype' (Fawcett et al., 2006) . The Au SINE found in E. ciliate was 15 bp shorter than the consensus, which is similar to the Au SINE found in Glycine, and their distinctive deletions overlaped at the same positions in E. ciliate and Glycine partially. However, the 3' end of the Au sequence found in E. ciliate was more similar to the 3' ends of Medicago-type sequences than the 3' end of the Glycine sequence. An unrooted phylogenetic tree of Au SINE sequences was constructed from the sequences (Fig. 2) . The unrooted phylogenetic tree was constructed using Pairwise alignment with MEGA v4.0 (Tamura et al., 2007) .
As a result, the sequences formed well supported clades of E. ciliate, Asimina, Triticum/Zea, Nicotiana, Glycine, and Medicago/Lotus, suggesting that Au propagated in each lineage after their divergence. The Au sequences in E. ciliate show a closer relationship to those in Glycine than those found in Medicago/Lotus. Ephedra/Glycine and Medicago/Lotus are separated by a bootstrap value of 60%.
The present phylogenetic tree was constructed by pairwise alignment, so it was possible that the characteristic deletions observed in the Au SINE found in E. ciliate and Glycine had had powerful effects on the phylogenetic tree. Therefore, we created a second phylogenetic tree, which was constructed by Au alignment excluding the overlapping portions of the sequence containing the distinctive deletions found in the Au SINE of E. ciliate and Glycine. The second phylogenetic tree showed the same pattern as that constructed using full length Au alignment (data not shown). Table 3 . Accession numbers of sequences used Fig. 1 . Alignment of the consensus nucleotide sequences of each species. The dots indicate nucleotides identical to the first sequence, and the dashes indicate gaps. No 3´ end poly-T tails are shown, and the shaded region indicated with an asterisk was excluded when calculating genetic distances and constructing the phylogenetic tree. The A box and B box are also shaded, and the tRNA-related region is indicated by an arrow. The positions of the PCR primers are also indicated by arrows. Fig. 2 . Neighbor-joining tree (Saitou and Nei, 1987) of the Au SINE sequences from various species based on Tajima-Nei's genetic distance (Tajima and Nei, 1984) , with bootstrap values of over 50% indicated. The bootstrap values were calculated as percentages out of 1000 replicates. The accession numbers of each sequence are shown in Table 3 . The abbreviations used are as follows: Epci, Ephedra ciliata; Atr, A. triloba; Tae, T. aestivum; Tmo, T. monococcum; Zma, Z. mays; Nbe, N. benthamiana; Nsy, N. sylvestris; Nta, N. tabacum; Lja, L. japonicus; Mtr, M. truncatula; Gma, G. max. AU00 is the first Au SINE identified from Aegilops umbellulata.
DISCUSSION
Plant SINEs are commonly distributed within families, not across orders. However, Au SINE sequences have been discovered in gymnosperms in addition to monocots, eudicots, and basal angiosperms. Previous studies have suggested that SINEs and LINEs are generally transmitted vertically and that horizontal transfer of these retroelements is rare (Malik et al., 1999; Kajikawa and Okada, 2002) . Extant gymnosperms and angiosperms are now regarded as sister groups. Gymnosperms have a much older fossil record (320 million years for the entire clade including all modern gymnosperms (Doyle, 1998) ) than angiosperms, which have been around for a maximum of 130 million years (Crane et al., 1995) . Therefore, Au would have been present in the common ancestor of angiosperms and gymnosperms. The Au SINE family is distributed in both angiosperms and gymnosperms. We could not find any strong evidence indicating the occurrence of horizontal transfer, at least from angiosperms to gymnosperms. Nor did our data reveal any evidence of sequences from distantly related species clustering together, which would be expected if horizontal transfer had occurred. Moreover, SINEs are nonautonomous retroelements that do not code for any enzymes involved in retroposition. SINEs are assumed to utilize the enzymatic retroposition machinery expressed by non-LTR (Long Terminal Repeat) retroposable elements (LINE) (Luan et al., 1993; Ohshima et al., 1996) . If Au elements were limited to angiosperms and horizontal transfer had occurred from angiosperms to gymnosperms, Au elements would not propagate nonautonomously.
The Au SINE of E. ciliate was 15 bp shorter than the consensus sequence, which is similar to the Au SINE found in Glycine, and the deletions in the E. ciliate and Glycine Au SINE sequences are overlapped partly. However, the 3' end of the Au in E. ciliate is more similar to the 3'ends of Medicago-type sequence than the 3' end of the Glycine sequence. The amplification of SINE is dependent on the replicative machinery of LINE that share a similar 3' end sequence, and inactivation of these so called partner-LINE could result in the inactivation of the corresponding SINE (Kajikawa and Okada, 2002; Dewannieux et al., 2003) . In such cases, SINE may need to recruit the 3' end of another LINE in order to retain their activity. This may be the case with Au SINE in G. max.
In the present study, we revealed that the Au SINE family is distributed in both angiosperms and gymnosperms. This will help us to understand how the Au SINE family evolved in angiosperms and gymnosperms. In the future, it would not be surprising if new SINEs are discovered in gymnosperms and ferns. In future studies, we hope to reveal how SINEs have contributed to the evolution of plants species.
